INTRODUCTION
Perritin is an ubiquitous protein, present in every cell of all known organisms: it is composed of 24 subunits arranged so as to form a hollow sphere, containing large amount of iron. It is postulated that its main role is that of iron storage even though many aspects of its function are not clear (for reviews see 9 and 10)• An intriguing biochemical property is the extreme degree of heterogeneity of ferritin molecules extracted from various tissues, when analysed by electrofocusing: apparently each cell contains a mixed population of ferritin molecules ranging from more basic to more acidic species (7, 8) . Each cell however, has a more or lees constant and characteristic isoelectric focusing pattern, indicating that the particular combination of ferritins present in a cell type depends on regulatory mechanisms specific for that cell type. The molecular basis for this heterogeneity is still unknown. Two main mechanisms have been proposed: 1) that there are many different apoferritin molecules, either coded by many, cell specifically expressed genes, or generated by cell specific post-translational modifications (11, 12) or 2) that there are only two different apoferritin subunits, differing in the isoelectrofocusing behaviour.
The tissue specific heterogeneity of ferritin could be explained assuming that in each cell the ferritin is composed of a characteristic proportion of acidic and basic subunits (8) . Biochemical analysis has, in our opinion, led more support to the second hypothesis, because it vas possible to show that there are indeed two types of apoferritin subunits, called H and L (from Heart and Liver type respectively), and that their proportion in the ferritin molecule is different in different tissues, in agreement with the isoelectrofocusing behaviour (8, 13 )-On the other hand, it could be and was argued that there are not in fact two subunits, and that the observations leading to this conclusion could be artificial or non conclusive (14, 15) .
More recently the purification of cDNA's coding for human and rat apoferritins has added new elements to this issue: first of all it has been possible to show beyond any doubt, that there are two distinct gene products, corresponding to the apoferritin H and L (1, 3,4,5.16) . At the same time it was also clear that in humans and rats there are many DNA sequences homologous to the apoferritin cDNA's, suggesting the possibility of a multigenic family. In addition to that, the sequences of human apoferritin H cDNA from liver and lymphocytes appeared to be different in one crucial point (4) . We have reinvestigated this last point and reached the conclusion that the difference was due to a sequence mistake in the cDNA from liver, regrettably discovered only after publication (1). Phage EMBL3 (20) and the cosmid vector pcos2EMBI (21) were used in the construction of the human genomic libraries. Transformation and preparation of single-and double-stranded DNA were as described (22, 23) .
Large-scale preparation of EMBL3 and pcos2EMBL recombinants was done according to (20) and (21) .
Enzymes and chemicals
Restriction endonucleases, T4 polynucleotide kinase, T4 DNA ligaee, DNA polymerase I holoenzyme and Klenow fragment were purchased from B.R.L.
and Biolabs. ^ P-labelled compounds were purchased from Amersham. AMV reverse transcriptase was purchased from Boehringer. Screening of the human libraries Human cDNA libraries from HeLa cells (gift of G. Persico), lymphocytes (kindly provided by T. Baralle) and from umbilical cord endothelial cells (Costanzo, F. and Santoro, C, manuscript in preparation) were screened using as a probe the nicktranslated 528 bp Pst-Pst fragment from the human liver H chain cDNA (1). The same probe was used in screening the X genomic library provided by G. Bensi (24) and the cosmid library provided by A.M. Prischauf. The screening was performed according to (20) and Crkvenjakov, R. (personal communication). Electron microscopy analysis For the heteroduplex and hybrid analysis separated strands of the recombinant \ DNAs and of the EMBL3 vector were isolated (25) . Supercoiled DNA of the cosmid 25 was cut with Clal. Pull length single strands were isolated from agarose gels. Separated single strands of the H cDNA plasmids were prepared by incorporation of biotinylated dUTP into the termini of the EcoRI-linearized plasmid DNA, followed by a second cut by Sail restriction enzyme, and the fractionation of the complementary strands of the two fragments on an avidin agarose column (26) .
For the heteroduplex preparation equal amounts of the separated strands of the different recombinants were incubated in 50$ formamide, 10 mM Tris-HCl, pH 7-4, 1 mM EDTA, 
Oligodeoxynucleotides
were synthesized following the phosphite-amidite method (28) . DNA sequencing Sequence analysis was done using the dideoxy chain termination method (29) . Primer elongation
The oligodeoxynucleotide primer was labelled at the 5' end with [Y-^2P] ATP and T4 polynucleotide kinase. 1 or 3 yug of polyadenylated RNA were mixed with 9 volumes of DMSO, heated at 45° C for 20 min, ethanol precipitated and resuspended in 50mM Tris-Cl pH 8-3, 5mM MgCl 2> 50mM KC1, 1 mM DTT, 0-4mM dNTPs with 0.2 pmol of kinased primer and 20 Units of AMV reverse transcriptase.
Incubation was carried out at 42° C for 2 h. After phenol extraction the samples were ethanol precipitated, washed with 80$ ethanol and loaded on a 6$ denaturing polyacrylamide gel.
RESULTS cDNA sequences from various tissues
We have originally reported the sequence of a cDNA clone, from a liver library, coding for human apoferritin H subunit (1).
More recently we have determined the sequence of apoferritin E cDNA isolated from HeLa cells, lymphocytes and endothelial cells. All these sequences are identical and differ from that originally reported by us at position 734 (position 617 of the Pig. 2 in [1]), 777 and 800 for the insertion of a C residue. These differences are artifacts: reinvestigation of the liver cDNA clones (6 independent isolated) shows that our previous sequence was mistaken in these positions. The conclusion of this set of experiments is that cDNA's from various cell types have an identical sequence (shown in 
Isolation of several genomic clones carrying apoferritin E sequences
We screened two human genomic libraries, one constructed in the lambda phage vector EMBL3 and the other in the cosmid pcos2EMBI. About 5x10 plaques and 3x10^ colonies were screened using as probe a 528 bp long cDNA fragment spanning the cDNA sequence from the internal Pst site towards the 3' end (1). DNA extracted from several positive plaques and colonies was analysed by restriction mapping and was used in a series of heteroduplex experiments.
Heteroduplex analysis was done on 15 of the recombinant \ clones.
A representative electron micrograph is shown in Pig. 2a. The conclusion from these experiments is that all clones studied contain an uninterrupted segment, about 1000 base pairs long, hybridizing to apoferritin 1. Primer elongation analysis. An oligonucleotide complementary to the region from position +209 to +226 (see fig.  3 ) of the cDNA was used as a primer in the experiment and annealed to 1 or 3 jag of poly(A)+ RHA from human liver (lanes 1-2), Daudi cell line (3-4), HeLa cells (5-6) and human placenta (7) (8) . lane 9 shows the negative control (3yug of tRNA as template) and lane 10 the molecular weight marker pBR322 Hinfl cut.
H cDNA.
It was also possible to confirm that the majority of clones derived from different regions of the human genome as recently reported (30) . EM analysis of hybrids between the \ 1 y.rr. The hybrid region between the two arrowheads does not display intron loops. The 5' end of the mRNA frequently appears to be aggregated with other RNA.
recombinants and mRNA extracted from human liver (Fig. 2b) confirmed that the hybridizing region corresponds to an uninterrupted stretch of about 1000 bases. TGT GCC TCC TAC GTT TAC CTG  2  3  33  TCC ATG TCT TAC TAC TTT GAC CGC GAT GAT GTG GCT TTC AAG AAC TTT GCC AAA  TCC ATC TCT TAC AAC TTT GAC CCC GAT GAT GTG GCT TTG AGG AAC TTT GCC ACA  TCC ATC TCT TAC TCC TTT CAC CGT GAT GAT GTG GCT TTC AAG AAC TTT GCC AAA  23  3 Intronless genes have been described in a variety of multigene families from different organisms; in many cases the intronless genes proved to be pseudogenes, with in frame stop codons or deletions and absence of sequences resembling promoters (31-37)-On the other hand there are known cases of active nuclear genes without introns (38) (39) (40) (41) . To gain more information we determined the DNA sequence of two apoferritin H genomic clones. region by the direct repeat TAATAATATAAATATA suggesting DNA insertion. In 123 *e found an imperfect direct repeat flanking the coding region, and a polyadenylation site followed by a stretch of A 1 s.
The homology between the two genes in the 5' flanking region spans for about 200 nucleotides, corresponding exactly to the 5' flanking untranslated region, as determined by primer elongation (Pig. 1) and diverges after this point.
Similarly the homology in the 3' flanking untranslated region extends only up to the polyA (traces of which are present in both 123 and 133).
Unlike most pseudogenes, however, 123 and 133 have an uninterrupted reading frame as long as the expressed cDNA segment. Even though 123 and 133 have been obviously generated by retrotranBcription and insertion, they can potentially code for a protein similar to apoferritin H. In the alignment shown in Pig. 3, we have indicated the sequence differences with the following notation: 1 denotes a sequence position in which the nucleotide is identical in the 123 and 133 and is different in the cDNA; 2 denotes a sequence position in which the same nucleotide is present in the cDNA and in 133 but is different in 123; 3 denotes a position in which cDNA and 123 have the same nucleotide and 133 has a different one.
The distribution of the differences is interesting. We assume that the retrotranscribed DNA derived from the same ancestral gene coding for the cDNA: all nucleotides identical in all three sequences or common to two of them are likely to be conserved from the original gene prior to the retrotranscriptional event (or are due to subsequent gene conversion). All differences present only in one of the sequences must correspond to mutations occurred after the separation.
The higher number of 2's and 3's means therefore that the cDNA sequence has diverged much less than the otherB from the original gene, as one would expect if the cDNA sequence, being responsible for the synthesis of the functional protein, has been under some structural constraint, whereas 123 and 133 are unselected pseudogenes.
The lower number of 3's might indicate that 133 has been generated by a more recent retrotranscriptional event, or that it was changed by gene conversion; the apparent clustering of 2's in at least two positions along the sequence (see underlined regions in Pig. 3) might in fact indicate gene conversion zones (presumably between 133 and the cDNA coding gene) (42,43)-Prom these results it was reasonable to expect that also the other intronless genes were pseudogenes and we did not further analyse them.
Isolation and identification of an expressed gene
We wished to identify the genomic clone containing the gene expressed in human liver. We chose a strategy aimed at the identification of the clones with the highest degree of sequence homology with the cDNA. For this purpose we synthesized a set of oligonucleotides spanning both the coding and the 3' flanking region to be used as probes on all the genomic clones identified, spotted in equimolar amounts onto a nitrocellulose filter. By using different washing temperatures, calculated on the basis of the T ffl of the different oligos, it was possible to identify two clones with a hybridization pattern identical to that of the cDNA used as control. These two clones, named c18 and c25, contained the same genomic region and therefore only c25 was further analysed. Sequences hybridizing to apoferritin H cDNA are contained within a Hindlll-Hindlll fragment of about 6-5 kb.
An electron micrograph of the heteroduplex between the cosmid clone and the cDNA segment isolated from a liver cDNA library is shown in Fig. 4a . There appear to be three introns of the approximate sizes of 1.6, 0.2 and 0.04 kb.
A map of the extensions of exon and intron sizes derived from the EM measurements is given in Pig. 4b.
Further experiments showed that the coding region is comprised between two BamHI restriction fragments of about 4kb (the 5' part) and of 2. The heteroduplex is interrupted by three intron regions numbered in the tracing to the right (the third intron is so small that it cannot be seen in all heteroduplexes). A homology of pBR322 sequences present in the plasmid and cosmid vectors leads to the formation of a circular structure. b) Map of the sizes of exon and intron regions as determined by electron microscopy. The average lengths and standard deviations are given in nucleotides.
(the 3 1 part). These two fragments were subcloned and further analysed by restriction mapping and DNA sequencing. The results are shown in Pig. 5. The coding region is identical to that of the cDNA's and is interrupted by three introns, as indicated by the heteroduplex analysis. The first exon comprises 208 bases of untranslated region and a segment coding for the first 38 aminoacids. The second exon codes for aa 39 to 87, the third exon from aa 88 to 129 and the fourth from aa 130 to the stop codon and 160 bases of 3' untranslated region.
Upstream 'from the point of initiation of transcription there is a canonical
Pig. 5-Nucleotide sequence of the human H chain apoferritin gene.
Capital letters indicate the regions present in the mature mRNA.
The presumptive TATA box is indicated as well as the putative Sp1-binding sites. TATA box; further upstream there are three ggcggg boxes, which are frequently found in eukaryotic promoters and which, in some cases, have been shown to interact with transcriptional factor Sp1 (44)-This is in agreement with the proposal that such factor is important for efficient expression of "house-keeping" proteins.
The fact that cDNA's and c25 have identical sequence indicates that c25 codes for the apoferritin H subunit in a variety of cells.
Further support to this conclusion is given by the observation that the apoferritin gene contained in clone c25 is present in one copy per haploid genome, as shown by Southern blot on total human DNA. A segment of DNA from the 5' flanking region of the c25 clone (see Pig. 6 Pig. 6-Southern blot analysis on 10 yug of EcoRI restricted human genomic DNA. An EcoRI-Maell fragment.about 200 bp in size, including the TATA box and the first few nucleotides of the transcribed region was nick-translated and used as a probe. This promoter-specific probe detects only one band of 6 kb in contrast with the high number of bands hybridizing to the cDNA probes. details), was used as a probe for hybridization to total human DNA restricted with EcoRI.
A single band is revealed, approximately 6 kb long, as predicted from the analogous experiment on the c25 cloned DNA. The intensity of the signal corresponds to that expected from single copy genes. It is very probable therefore that there is only one gene coding for human apoferritin H subunit (and only one coding for apoferritin L subunit; manuscript in preparation). The complex pattern seen on the Southern blots ie a consequence of a high number of processed genes (pseudogenes).
